I. A behavioral and electrophysiological analysis of defensive ink release in Aplysia califomica was performed to examine the response of this behavior and its underlying neural circuit to various-duration noxious stimuli.
2. Three separate behavioral protocols were employed using electrical shocks to the head as noxious stimuli to elicit ink release. Ink release was found to be selectively responsive to longer duration stimuli, and to increase in a steeply graded fashion as duration is increased.
3. Intracellular stimulation of ink motor neurons revealed that ink release is a linear function of motor neuron spike train duration, indicating that the selective sensitivity of the behavior to long-duration stimuli is not due to a nonlinearity in the glandular secretory process.
4. In contrast, electrophysiological examination of ink motor neuron activity in response to sustained head shock revealed an accelerating spike train. During the later part of the spike train, compound excitatory synaptic potentials show a positive shift in reversal potential.
5. Our results suggest a central locus for the mechanisms that determine sensitivity of inking behavior to stimulus duration.
6. In contrast to ink release, defensive gill withdrawal was found to be extremely sensitive to short-duration stimuli. INTRODUCTION A common strategy for the analysis of simple reflex behaviors has been to examine the features of the behavioral response as a function of stimulus intensity. Using this approach one can gain insights into the organization of behavior and also into the information-processing steps within the nervous system that underlie the expression of the behavior. In some cases it may be behaviorally relevant for an organism to be selectively responsive to stimuli of certain durations. Therefore, an equally interesting approach is to examine how behavioral responses vary as a function of stimulus duration. For example, are behavioral responses that are smoothly graded as a function of stimulus intensity also smoothly graded as a function of duration; and are behaviors that are steeply graded functions of intensity also steeply graded as a function of duration? In this paper we examine these questions utilizing defensive inking behavior and defensive gill-withdrawal responses in Aplysia as simple test systems.
In response to noxious mechanical, chemical, or electrical stimuli, ApEysia cahfhzica release a purple ink, which is presumed to serve a defensive function by acting as an aversive stimulus to predators (10, 12) . Carew and Kandel (6), using 2-s electrical shock and tactile stimulation as the releasing stimulus, found that the release of ink has a high threshold and is a steeply graded function of stimulus intensity. The combination of a high threshold and steep stimulus-response relationship may have adaptive value in preventing frequent release of small amounts of ink in response to low-level noxious stimuli, which can be avoided by withdrawal or locomotion. Thus the ink supply, which takes days to replenish, can be con- served for situations where a massive defensive response is required. The extreme steepness of the stimulus-response curve (6) suggests that the ink response must be near maximal in order to be an effective deterrent. Similar reasoning would predict that for stimuli of constant amplitude the animal would be relatively insensitive to brief stimuli, but that inking responsiveness would increase steeply above a certain critical duration. Our results support this prediction.
We also address the question of where in the neural circuit for inking the selective behavioral sensitivity to longer duration stimuli resides. Carew and Kandel (6) have previously identified three electrically coupled motor neurons in the abdominal ganglion that mediate inking. By recording from these cells we could determine their responsiveness to sensory stimuli of various durations, as well as examine their peripheral processes at the ink gland for temporal facilitation. Our results indicate that the control of inking by stimulus duration is reflected in the firing pattern of the ink gland motor neurons. Brief sensory stimuli are ineffective in firing these cells.
In the following paper (5) we analyze the ionic conductance mechanisms that contribute to the firing pattern of the motor neurons.
A preliminary report of some of this research has previously been presented (17) .
METHODS
Aplysia cdijiwniccr , weighing 80-300 g, were obtained from Pacific Biomarine Laboratories (Venice, CA). Animals were stored at 14-16OC in artificial seawater (ASW) (Instant Ocean; Aquarium Systems, Eastlake, OH). All experiments were done at 14-16OC.
Behuvioral experiments
Inking was elicited by electrical shocks applied through implanted electrodes made of Teflon-coated, single-strand, 180-pm silver wire (Medwire;
Mt. Vernon, NY). Animals were cooled down for 2 h to 4°C in order to prevent ink release and a resulting ink depletion during the implantation procedure. A lo-to 20-mm length of insulation was stripped off both ends of each electrode wire. One end of the wire was inserted into the back end of a 23-gauge hypodermic needle and pushed forward until the bare end protruded from the tip; the bare end was then bent back 180' into a U-shape and twisted around the needle. The electrode was implanted subdermally by inserting the needle into the animal, between the skin and the body wall, until the tip of the wire was entirely beneath the skin. Withdrawing the needle then left the wire firmly in place. A pair of electrodes was implanted in each animal 5-10 mm apart on the dorsal surface of the head, between the anterior tentacles and the rhinophores.
After implantation, the animals were allowed to recover at normal temperatures (15OC) for 4-5 h before the start of the experiment. For 1 wk before as well as during the behavioral experiments, each animal was housed in a separate, 2.2-liter perforated plastic cage in the main aquarium.
For measurement of ink response the cage of the subject was gently maneuvered into an ASWfilled plastic dish with a 2.5liter
volume. The bare electrode leads were then hooked up to a variable transformer that was used to apply a pulse of 60-Hz current to the animal through an isolation unit. The amplitude of the shock was varied by adjusting the transformer, and the duration was determined by an electronic switch in series with the transformer output. A current monitor was placed in series with the stimulating electrodes. Stimulus currents were converted to root mean square values. After each stimulus the ASW in the plastic dish was stirred vigorously to produce even mixing of the ink, and a lo-ml sample of ASW taken for later measurement of ink release. The subject's cage was then returned to the main tank until its next stimulus. The amount of ink released during each trial was measured spectrophotometrically at the end of each experiment as described by Carew and Kandel (6).
Ink samples from the beginning of an experiment were stored on ice until the end of the experiment (up to 6 h), at which time all samples were measured. To control for possible changes in absorbance with time, samples of small, medium, and large responses were measured before and after storage for 24 h at 4°C. No difference in absorbance was observed in these controls. GILL WITHDRAWAL.
The defensive gill-withdrawal reflex was examined with experimental techniques similar to those previously described (3, 6, 15). Animals were cooled in 4°C seawater for 0.5 h and placed in a small 2-liter aquarium perfused with 15°C ASW from a larger 230-liter aquarium. Animals were restrained at the head and tail, and the parapodia were pulled out by hooks attached to the side of the chamber to uncover the mantle cavity. The mantle shelf was then lifted up to expose the gill. Water-jet stimuli were delivered with a Water Pik (Teledyne) directed at the dorsal surface of the restrained mantle shelf. After allowing the animal to recover for approximatelv l-2 h, a 5 s duration stimulus was delivered. The stimulus intensity and distance from the mantle shelf were adjusted so as to be just sufficient to produce a maximal contraction equivalent to the contraction produced by a spontaneous respiratory pumping movement (4, 13, 14) . This could usually be accomplished by setting the Water Pik at its lowest pressure and placing the nozzle between 3.5 and 4 cm from the mantle shelf. At these distances and pressure settings, the force was 2.3 g, as determined by calibration according to Kupfermann et al. (13) . Once the appropriate amplitude for the 5-s stimulus was found, the intensity was held fixed while the duration was varied between 0.25 and 4 s with 20-min interstimulus intervals. At the end of the experiment, the 5 s duration stimulus was again tested to check for habituation or deterioration of the preparation.
No consistent difference was found between the first and last responses.
Gill contractions were quantified utilizing videotape analysis as described by Byrne et al. (3) . At each l-s interval after the stimulus onset the planar area of the gill image was measured. As a control, the area of the gill 3 s prior to each stimulus was also determined.
The amplitude of each contraction at every l-s interval for 10 s was recorded, expressed as percent reduction in area compared to the relaxed gill. We then used the sum of the percent reduction of gill area for the first 10 s of the response as an index of the total response for that duration stimulus. The response obtained from the average of first and last 5 s duration stimuli was scored as 100%. The responses obtained with shorter duration stimuli were normalized to the 5-s response value.
Electrophysiological experiments
The relationship between the release of ink and spike train duration in the ink gland motor cell L14* was studied in a reduced preparation.
The animal was anesthetized with MgCl, (6) to prevent inking during dissection, and the ink gland was removed, along with its branchial nerve attachment to the abdominal ganglion. After pinning out the preparation in a chamber filled with ASW, the Mg"+ was removed from the ink gland by perfusion of ASW through its arterial supply. Such perfusion was essential in obtaining complete reversal of the anesthesia. Cell L14* in the abdominal ganglion was impaled with two microelectrodes for simultaneous stimulation and recording. The cell was fired at a constant rate, 20 Hz, with short, intracellular depolarizing pulses to trigger ink release. In order to obtain a constant rate of firing it was necessary to superimpose the short pulses on a steady depolarizing current that was subthreshold for spike initiation. The steady depolarization, which was initiated 2 s before the start of the train, produced steadystate inactivation of the fast transient KS current that normally has a strong effect on the repetitive firing properties of this neuron (5). Train duration was varied between 0.2 and 5 s. The amount of ink released by each train of stimuli was measured spectrophotometrically (see above) after washing the chamber and collecting its contents.
The synaptic input and firing pattern of the ink gland motor cells were examined using a preparation that consisted of the head attached to the abdominal ganglion via the pleuroabdominal (pleurovisceral)
connectives. Electrodes identical to those used in the behavioral experiments were implanted in the head prior to dissection. One of the three L14 ink gland motor cells was impaled with two electrodes, one for passing current and one for recording electrical activity. The head was then stimulated with pulses of AC current, as during the behavioral experiments.
RESULTS

Control oj' inking by stimulus duration
We performed three types of behavioral experiments to test the hypothesis that inking is selectively insensitive to brief stimuli. The first experiment was the determination of a strength-duration curve for inking. For a range of stimulus durations from 0.5 to 5 s we measured the stimulus current required to evoke a "full" ink response. A full ink response was defined as secretion of 50% or more of the total releasable ink stored in the ink gland. This cutoff of 50% was chosen on the basis of a frequency histogram of ink responses that showed a bimodal distribution of responses so that most responses could be classed as either large or small. Since most of the responses in the large category were 50% or above, we chose this amplitude as the minimal criterion for a full response.
For this experiment 32 animals were divided into eight groups. The animals in each group received the same, constant-duration stimulus, ranging from 0.5 to 5 s. Each animal received a series of shocks of increasing amplitude. The series was stopped when increments of shock intensity no longer resulted in increased response amplitude. At the end of each series a supramaximal 16-s shock was applied to complete the depletion of releasable ink. After measurement, the amount of ink released on each trial was converted to the percentage of total releasable ink contained in the gland at the start Strength-duration curve for inking. Inking is relatively insensitive to brief stimuli. Full response was defined as the release of 50% or more of releasable ink stores. Current expressed as mean 2 SE. Numbers in parentheses represent number of subjects measured at each duration. A linear regression line is drawn through current values for stimuli of 2-5 s duration. Analysis of variance showed that points for 0.5-1.5 s duration form a different population than longer durations (F = 4.01). These points are also significantly higher in intensity (t test P < 0.01).
of the series. When the data were expressed as the percentage of remaining releasable ink, the results were qualitatively the same. The average values of stimulus amplitude required to trigger a full response (50% of releasable ink) at each stimulus duration are plotted in Fig. 1 . Note that for stimuli that range from 2 to 5 s, threshold for a full response varies only slightly as a function of stimulus duration. A least-squares line was fitted to these points. For briefer stimuli the threshold currents are considerably higher than the values that would fit the extrapolated regression line. A one-way analysis of variance indicated that there was a significant effect of stimulus duration on the threshold of current needed to elicit a full ink response (F = 4.01 df = 23, 7, P < 0.01). A t test was then performed that showed a significant difference (P < 0.01) in threshold intensity for points of duration from 0.5 to 1.5 s compared to the points from 2 to 5 s.
One factor that could contribute to the difference in thresholds for long-compared to short-duration stimuli is habituation. The animals receiving 0.5-to 1.5-s stimuli receive more shocks (mean, 4.5 per animal) before threshold is achieved than do animals that receive longer shocks (mean, 2.4 per animal). We would not expect such an habituation effect to be appreciable since individual shocks to each animal were separated by a 40-min rest period. In addition, we performed a control experiment to test for habituation (see Ref. 6 ).
For the control experiment 22 naive animals were randomly divided into two groups. All animals received shocks of 1 s duration. For group I animals (~1 = 6), the shocks were applied in a gradually increasing series in order to determine threshold for a full inking response, as in the experiment shown in Fig. 1 . The mean value of threshold current determined in this manner for group I animals was 475 mA. A shock of this amplitude was then applied to each animal of group II as its first (and only) trial. Due to random variation of individual thresholds, one would normally expect to see roughly 50% of the group II animals generate a full ink response under these conditions.
However, if habituation of group I animals had increased their apparent thresholds, one would expect to see considerably more than 50% of the group II animals ink to the applied shock. Assuming a normal distribution of thresholds, the number of group II animals that showed full responses (6 of 16) was not significantly different from 50% (Fisher exact probability test, P = 0.22). These results indicate that habituation does not contribute significantly to the sharp difference in thresholds for shocks 0.5-1.5 s in duration compared to those 2-5 s long.
The dependence of ink release on stimulus duration was also investigated in a second behavioral experiment in which stimulus amplitude was kept constant. This protocol gave animals only single shocks, thus avoiding possible habituation effects. In this experiment, amount of ink release was measured as a function of stimulus duration. Forty-eight animals were divided into eight groups. All animals in each group received the same duration of shock, ranging from 0.5 to 5 s. The current amplitude was chosen on the basis of the results from the first behavioral experiment as the value that would be expected to elicit 80-90% of releasable ink when applied for 5 s. This current, 250 mA in amplitude, was given in a pulse of 0.5-5 s duration as the first shock to each animal. After sampling the ink released, a second, supramaximal 16-s shock was then applied to deplete the remaining releasable ink. The results of this experiment are shown in Fig. 2 .
The histogram in Fig. 2 shows that, for a constant amplitude of current, percentage ink response is not a linear function of stimulus duration for stimuli ranging up to 5 s in length. For durations up to 2 s, the histogram of response strength is nearly flat, with a mean value of 19%. As stimulus duration increases beyond 2 s, percent ink release increases rather steeply, up to 85% of maximal. Thus stimuli 2 s or shorter are relatively ineffective in releasing ink, while for stimuli longer than 2 s ink release increases in a steeply graded manner with stimulus duration.
The third behavioral protocol designed to 100 - study control of inking by stimulus duration was similar to that illustrated in Fig. 2 , but was designed to investigate the dependence of ink responsiveness on stimulus duration for stimuli that are just above threshold. Each animal was given a series of trials with the same-amplitude shock. Nine animals were tested, and each one received shocks 1, 2, 3, 4, and 5 s in duration. Rather than measuring amount of ink released, in this experiment we measured the number of animals that released a detectable amount of ink at each shock duration.' The amplitude of the shock (223 mA) was slightly greater (1.2~) than the value that in a control group was found to be just above threshold for ink release in 100% of the animals when applied for 5 s. The result of this experiment (Fig.  3 ) was a steep increase in the number of animals inking for stimuli greater than 3 s in duration.
Control of defensive gill withdruwul by stimulus duration Carew and Kandel (6) found that in contrast to inking response, which for constant-(2 s) duration stimuli has a high threshold and is steeply graded over a very narrow range of stimulus intensities, defensive gill withdrawal is sensitive to weaker stimuli and its amplitude is graded over a wide range of stimu lus intensities. We at tempted to extend the co mparison of these two behaviors l This experiment also differed from the first one in that Mgz+ anesthesia was used for electrode implantation, and a 20-Hz train of 20-ms shocks was the stimulus. by examining the control of gill withdrawal by stimulus duration.
Gill withdrawal was elicited from a group of four animals by tactile stimulation of the mantle shelf. The results of varying stimulus duration on gill-withdrawal amplitude are shown in Fig. 4 . In contrast to inking, defensive gill withdrawal is quite sensitive to extremely brief stimuli. A tactile stimulus just large enough to elicit full gill withdrawal when applied for 5 s can elicit 50% of the maximal response when applied for only 0.25 s. Qualitatively similar results were also obtained in one experiment where electrical stimuli were delivered to the head and gill con tocell.
tractions were monitored with a phoLocus for selective sen sitivity of in king to long-dura tion stimuli Carew and Kandel(6) previou .sly showed that inking is controlled by three motor neurons in the abdominal ganglion that are electrically coupled to one another. These cells, named L14*, L14B, and L14c, all have similar functional properties, and appear to differ only in the regions of the ink gland that they innervate and the peripheral nerves that contain their axons (6). By recording from these three cells, we attempted to find electrophysiological characteristics of the neural circuit controlling inking that could account for the relative insensitivity of inking to short-duration stimuli.
A possible mechanism that could contribute to the behavioral data shown in Figs. l-3 is some sort of timedependent facilitation feature of the release process. To test for this, we fired one of the ink motor neurons (L14J at a constant rate (20 Hz) with brief (10 ms) intracellular depolarizing pulses, and the amount of ink released at each duration was measured. For this experiment it was necessary to rule out the possibility of ink release mediated via activity in the other electrically coupled motor cells, L14B and L14c. This was achieved during dissection by cutting the siphon nerve, the efferent pathway of these two cells to the ink gland. Since the efferent pathway for L14* is through the branchial nerve (6), this procedure would leave the effector response of L14* unaltered. In experiments where relatively long-duration trains were used (n = 6), only a single trial was performed in order to avoid significant depletion of the ink stores. In some experiments with short-duration trains (n = 2), however, two trials from each experiment were performed. After collecting the ink secreted by each spike train, a final massive burst of action potentials was triggered to completely deplete the ink vesicles innervated by L14,. The ink released by each train was then expressed as the total releasable ink initially present in the L14,-innervated area of the gland.
The results of eight such release experiments are shown in Fig. 5 . The amount of ink released is a linear function of spike train duration and the regression line through the data points very nearly intersects the origin of the graph. These results suggest that the release process shows no significant time-dependent properties for spike trains of 5 s or less. Experiments using higher or lower frequency stimulation showed a shifting of the slope of the straight line, which still intersects the origin. Similarities in other functional properties of the three L14 cells (6) suggest that the release properties for the other two ink gland motor cells (L14B and L14C) would resemble those shown in Fig. 5 The fact that ink release is a linear function of spike train duration suggests that the relative sensitivity of inking to long-duration stimuli should be reflected in a delayed increase in spike frequency in the L14 motor cells during sensory stimulation.
This was examined with intracellular recording from L14 cells while stimulating the head with electrical shock, as in the behavioral studies. The results of one such experiment are shown in Fig. 6 . There is indeed a late acceleration of spiking in the ink gland motor cells during maintained noxious stimulation. Typically there were one or two initial spikes in the motor cell followed by a pause of l-2 s before a long, high-frequency train began. The firing pattern did not appear to be reflected in the synaptic input to the cell, however. When the L14 cell was hyperpolarized to prevent spiking during the same sensory stimulation, the amplitudes of the synaptic potentials showed no appreciable buildup during . / the period corresponding to maximum acceleration of firing (about l-3 s after the beginning of stimulation).
There are two possible explanations for the late increase in L14 cell firing with no apparent increase in synaptic input. One is that the ink gland motor cells respond with a delayed burst to a constant-amplitude stimulus; i.e., they have antiadaptive properties. The next paper (5) demonstrates that the presence of a fast transient K+ current in the L14 cells results in such an antiadaptive property. A second possibility is that synaptic input does increase with time, but this increase is not revealed by the hyperpolarization experiment shown in Fig. 6 . For example, there may be decreased potassium conductance excitatory postsynaptic potentials (EPSPs) generated during the late phases of the stimulus train (8). Such EPSPs might not be apparent in Fig. 6 because the membrane potential during the train is within the range of the potassium Nernst potential for Aplysia neurons (11, 16) .
Such a delayed recruitment of decreased conductance EPSPs or of remote conventional conductance-increase EPSPs would be expected to shift the net reversal potential for the EPSPs recorded in the soma in a positive direction. When the EPSPs trig-SHAPIRO, KOESTER, AND BYRNE gered by head stimulation were measured at different values of hyperpolarized membrane potential, the reversal potential could be estimated by extrapolation.
During the train of stimuli, the extrapolated reversal potential did shift in a positive direction by as much as 35 mV during the period of stimulation when maximum spike acceleration occurs. The positive shift in reversal potential accounts for the fact that in Fig. 6 identical trains of synaptic stimulation show a slight increase with time when resting potential is -60 or -90 mV, but when the cell is hyperpolarized to -120 mV, there is a slight decrease with time of the synaptic potential envelope. Qualitatively similar results were obtained by Carew and Kandel Carew and Kandel (6, 7) have classified inking as a high-threshold behavior, with a steeply graded stimulus-response relationship, for varying amplitudes of stimulation. Our results show that this classification also applies when one measures inking responsiveness as a function of stimulus duration. That is, inking behavior is selectively insensitive to brief stimuli. As stimulus duration is increased, responsiveness increases rather steeply for stimuli greater than about 1.5-3 s. This is shown by the strength-duration curve determined for inking responses greater than 50% of maximal (Fig. 1) . In this experiment threshold rose quite steeply for stimuli shorter than 2 s. The relationship between ink release and stimulus duration is also revealed by the protocol in which stimulus amplitude was kept constant and duration was varied. Just a 2.5-fold increase in stimulus duration, from 2 to 5 s, caused a steep increase in response amplitude, from less than 20% to greater than 80% of maximal (Fig. 2) . Likewise, when the stimulus duration required to produce a just-detectable ink release was determined, a sharp increase in responsiveness was found for only a l-s increase in stimulus duration (Fig. 3) .
Our evidence suggests that the selective sensitivity of inking to longer stimuli is not a function of the motor neuron-ink gland interaction. Ink release was shown to be a linear function of the motor neuron spike train duration at a constant frequency of motor neuron firing.
The suggestion that a central mechanism accounts for the relative insensitivity of inking to brief stimuli is supported by the fact that the spike train elicited in the ink gland motor cells by noxious stimulation of the head shows a tendency to accelerate, with relatively few spikes produced during the first 2 s of stimulation.
If the same stimulus is applied while the motor cell is hyperpolarized to prevent spiking, the amplitude of the complex EPSP remains relatively constant. Throughout the period of stimulation, however, there is a shift of the extrapolated EPSP reversal potential in a positive direction (see also Ref. 5). Such a shift could have a variety of explanations, such as decrease in inhibitory input accompanied by an increase in excitatory input, the delayed recruitment of a remote EPSP, a slowly increasing conductance-decrease EPSP, or a combination of all three possibilities. Any one of these mechanisms could result in an increased efficacy of later EPSPs in the train with no apparent increase in amplitude, at least when measured at a hyperpolarized membrane potential.
In the companion paper (5) these synaptic mechanisms are further analyzed, as are the nonsynaptic voltage-dependent conductance properties of the motor cells. It is concluded that much of the delayed increase in firing can be accounted for by two simultaneously active mechanisms.
One is the slow recruitment of a decrease-conductance EPSP, while the second is the antiadaptive firing properties of the motor neurons. The antiadaptive firing properties in turn appear to be due to the presence of a fast transient K+ current, which shunts the initial excitatory synaptic input to the cell (5). With time this current inactivates and the input is more effective in driving the cell to spike threshold. While both the synaptic and nonsynaptic conductance mechanisms appear to be important for generating the type of spike pattern illustrated in Fig. 6 , we cannot at this time quantitatively evaluate their individual contributions.
Other factors may also contribute to the shape of the strength-duration curve (Fig. 1) . For example, excitatory synaptic drive may not increase linearly with stimulus amplitude over the range of stimuli employed here. In addition, even if there were a linear relation between sensory stimulus amplitude and ink-response amplitude, one would still predict a hyperbolic function of the general shape shown in Fig.  1 . Nevertheless, electrophysiological evidence presented here and in the next paper (5) suggests that a good deal of the dependence of inking on stimulus duration can be accounted for by time-dependent features of the synaptic input and specialized voltagedependent membrane properties of the ink gland motor neurons.
Stimulus control of gill withdrawal
Together with the results of Carew and Kandel (6), our data indicate that inking is steeply graded as a function of both stimulus amplitude and duration. Carew and Kandel (6) contrasted the stimulus amplitude control of inking to that of defensive gill withdrawal. Gill withdrawal varies in a graded manner over a wide range of stimulus amplitudes. We extended this comparison by examining the dependence of gill withdrawal on stimulus duration.
